Background: Molecular basis for the dephosphorylation step in biosynthesis of methyl glucose lipopolysaccharides (MGLPs) of Mycobacterium tuberculosis is unknown. Results: Structures of unliganded, vanadate-bound, and phosphate-bound glycosyl-3-phosphoglycerate phosphatase (GpgP) reveal pivotal conformational changes in enzyme during dephosphorylation. Conclusion: Dimerization and maneuvers of Loop2 play essential roles during dephosphorylation. Significance: We present first structures of histidine phosphatase-type GpgP and explain the mechanism of catalysis.
the glucosyl moiety of UDP-glucose with D-3-phosphoglyceric acid. The resultant glucosyl-3-phosphoglycerate (GPG) is subjected to dephosphorylation by a recently identified GPG phosphatase (GpgP) to produce glucosyl glycerate (GG) ( Fig. 1A ) (11) . In the next step, two molecules of GG are linked together by di-glucosyl glycerate synthase to produce di-glucosyl glycerate. A glucosyl transferase extends the di-glucosyl glycerate moiety further via formation of ␣-(134) linkages. The hexose units of the polymer are modified with position specific methyl and acetyl groups (12, 13) . However, the identity of many of these enzymes catalyzing methyl and acetyl transfers is currently unknown.
Recently, Rv2419c was shown to dephosphorylate GPG with high specificity and hence was annotated as the GpgP catalyzing the second step in the pathway for the biosynthesis of MGLPs ( Fig. 1B) (14) . Unlike halo acid dehalogenase-like phosphatases that require a metal ion for catalysis (11, (15) (16) (17) , Mtb-GpgP carries out metal ion-independent dephosphorylation. The enzyme harbors a characteristic RHG motif and therefore belongs to the histidine phosphatase superfamily (18) . Catalysis by members belonging to this family proceeds via the formation of a phosphohistidine intermediate (18) . The phosphate group from the substrate is transferred to the catalytic histidine of the enzyme. A glutamate residue has been known to play the role of proton donor during this phosphorylation. The same residue accepts a proton during dephosphorylation of the histidine. Although MtbGpgP exhibits the RHG motif, its primary sequence shares only 31% identity with its closest known homologue, PhoE, a promiscuous phosphatase from Bacillus stearothermophilus. Therefore, we sought to obtain a structural view of the protein to find out how MtbGpgP differs structurally from its homologues. The structure was also likely to explain the molecular basis for conversion of GPG to GG by MtbGpgP, which is currently unknown.
Here, we describe the crystal structures of apo-, vanadatebound, and phosphate-bound MtbGpgP representing the unliganded, reaction intermediate mimic, and product-bound views of the enzyme. Comparison of the structures reveals pivotal conformational changes in a loop region located in proximity of the active site, providing insights into maneuvers of structural elements during the course of catalysis. Structureguided site-directed mutagenesis and results of activity assays of mutants have helped identify amino acids essential for catalysis. The structures together with mutagenesis and biochemical data provide a framework for understanding the dephosphorylation of GPG by MtbGpgP.
EXPERIMENTAL PROCEDURES
Cloning, Expression, and Purification-The open reading frame corresponding to Rv2419c (MtbGpgP) was amplified from the genomic DNA of H37Rv strain of Mycobacterium tuberculosis by PCR and inserted between the BamHI and XhoI restriction sites of pET28a vector (Novagen). This construct expressed protein with an N-terminal His 6 tag. Point mutations (R10A, N17A, Q23A, R60A, E84Q, H159A, and L209E) were introduced into this construct using QuikChange site-directed mutagenesis kit (Invitrogen) following the manufacturer's instructions. All the constructs were verified by sequencing the entire gene prior to expression.
MtbGpgP was overexpressed in Escherichia coli BL21 (DE3) (TransGen Biotech). Cells were grown aerobically at 37°C in Luria-Bertani medium supplemented with 100 g/ml kanamycin. When the cell density (A 600 nm ) reached 0.6, the culture was first cooled for 2 h at 4°C and then induced at 16°C for 18 h with 0.5 mM isopropyl ␤-D-thiogalactoside. The cells were harvested by centrifugation at 8,000 ϫ g for 15 min. The cell pellet was resuspended in McAc0 buffer (25 mM Tris-HCl, 500 mM NaCl, pH 8.0) and lysed by sonication. Unbroken cells and debris were removed by spinning the lysate at 12,000 ϫ g for 40 min. Supernatant containing soluble target protein was then loaded onto a nickel-nitrilotriacetic acid column (GE Healthcare) previously equilibrated with McAc0 buffer. After thorough washing with buffer, protein bound to the column was eluted with McAc500 buffer supplemented with 500 mM imidazole. Imidazole was removed by size exclusion chromatography. A Superdex G200 column (GE Healthcare) equilibrated with 25 mM HEPES, 100 mM NaCl, pH 7.5, was used for size exclusion chromatography. The protein was purified further by an anion exchange chromatography step using a Resource Q column (GE Healthcare). Protein bound to the column was eluted using a linear gradient of 1 M NaCl. Fractions containing protein were analyzed by SDS-PAGE. Fractions exhibiting a single band on SDS-PAGE corresponding to the molecular weight of the protein were pooled, concentrated to 15-20 mg/ml, and stored at Ϫ20°C until further use.
Mutants of MtbGpgP were expressed and purified using the same protocol as the wild type protein. The purity of the proteins was estimated to be Ͼ95% as judged by SDS-PAGE analysis.
Crystallization and Data Collection-Crystals of MtbGpgP were grown at 293 K using the sitting drop vapor diffusion technique. 1 l of protein solution (20 mg/ml, 25 mM HEPES, 150 mM NaCl, pH 7.5) was mixed with 1 l of reservoir solution and equilibrated over 100 l of reservoir solution. Complexes of MtbGpgP were prepared by mixing the enzyme with ammonium metavanadate and p-nitrophenyl phosphate (pNPP), respectively. Crystals for apo-MtbGpgP, MtbGpgP-VO 3 , and MtbGpgP-PO 4 were obtained under the following conditions: 0.1 M HEPES, pH 7.5, 10% 2-propanol, 28% (w/v) polyethylene glycol 4000; 1.26 M sodium phosphate monobasic monohydrate, 0.14 M potassium phosphate dibasic, pH 5.6; and 0.1 M HEPES, pH 7.5, 10% 2-propanol, 20% (w/v) polyethylene glycol 4000, respectively. Crystals were cryoprotected by adding 20% glycerol to the crystallization solution before being flash frozen in liquid nitrogen. X-ray diffraction data for MtbGpgP were collected at Beamline BL17U of Shanghai Synchrotron Radiation Facility. Data sets for the MtbGpgP-VO 3 and MtbGpgP-PO 4 complexes were collected on Beamline 5A of Photon Factory (Japan). All of the data were processed with the HKL2000 suite of programs (19) (see Table 1 ).
Phasing, Model Building, and Refinement-The crystal structure of MtbGpgP was solved by molecular replacement with BALBES software suite (20) using the structure of PhoE (Protein Data Bank code 1H2E) as the search template. Automated model rebuilding by ARP/wARP was then performed with the structure solution obtained with BALBES (21). The atomic model was refined to an R free value of 0.247 by iterative cycles of refinement involving manual model adjustment with Coot (22) and Phenix.refine (23) . For the complex of MtbGpgP-VO 3 and MtbGpgP-PO 4 , the native structure was used as a search template for molecular replacement with Phaser (24) . Ligand fitting into the corresponding difference electron density maps calculated from the precalculated map coefficients after Phenix.refine runs were carried out by Phenix.ligandfit (25) . Both complex structures were finalized by several rounds of manual building in Coot and refinement using Phenix All structures were judged to have good stereochemistry according to the Ramachandran plot calculated by MolProbity (26) . A summary of the data collection, phasing, and structure refinement statistics is listed in Table 1 .
Enzyme Assays-Phosphatase activity of wild type and mutant MtbGpgP was estimated using pNPP as substrate. The reaction mixture consisted of 20 mM Bis-Tris HCl, 2.5 mM MgCl 2 , 3 mM pNPP, pH 7.0, and pure MtbGpgP or its mutant (1 mg/ml). Incubation was carried out at 37°C for 15 min. The amount of p-nitrophenol released was measured by reading the absorbance at 405 nm as described previously (27) .
Multiangle Light Scattering Analysis-Multiangle light scattering (MALS) analyses were performed at room temperature and coupled up with size exclusion chromatography using an 18-angle DAWN HELLOS II instrument equipped with an OptilabrEX refractive index detector (28) . All samples were diluted to 3 mg/ml and injected into a Superdex 200 10/300 GL column (GE Healthcare) equilibrated with 25 mM HEPES, 150 mM NaCl, pH 7.5. Calibration of the light scattering detector was performed with albumin monomer standards before conducting the assays. The data were analyzed using the ASTRA software (28) .
RESULTS
Overall Structure of MtbGpgP-Recombinant MtbGpgP was expressed in E. coli with an N-terminal His 6 tag. The enzyme was purified to homogeneity using a number of chromatography steps like nickel affinity, ion exchange, and gel filtration.
The enzyme was active when tested for phosphatase activity. This enzyme was used for structural studies. We solved the crystal structures of the apo-form of GpgP (apo-MtbGpgP), the complex of GpgP with a transition state mimic, vanadate (Mtb-GpgP-VO 3 ), and the complex of GpgP with one of the reaction products, orthophosphate (MtbGpgP-PO 4 ). These structures were refined to 1.95, 2.30, and 1.77 Å resolution, respectively. The structure of the apo-enzyme was solved by molecular replacement using the structure of a phosphatase from B. stearothermophilus (29) (PhoE; Protein Data Bank code 1H2E) as the search template. PhoE shares 31% sequence identity with MtbGpgP. Subsequent structures of the binary complexes were solved by molecular replacement using the structure of the apo-enzyme as the search template. The final model of all three structures consists of residues 3-215 and exhibits good stereochemistry. Intriguingly, electron density for amino acids 197-200 was missing for all the chains, except one. These amino acids are part of a loop connecting strand ␤4 with ␤5. Notably, this region is protruding out of the protein but is located far away from the bound ligands. There are two protomers in the asymmetric unit, suggesting the possibility of a dimer being the minimal functional unit of MtbGpgP. The overall structures of apo-MtbGpgP, MtbGpgP-VO 3 , and MtbGpgP-PO 4 are similar, with a root mean square deviation (RMSD) of less than 0.75 Å between the C␣ atoms. Data collection and refinement statistics for the structures are listed in Table 1 .
MtbGpgP consists of a single domain with a central twisted ␤-sheet that is flanked by ␣-helices on either side ( Fig. 2A) . The ␤-sheet is made up of five ␤-strands. Strands ␤1, ␤2, ␤3, and ␤5 run parallel, whereas strand ␤4 runs anti-parallel. Strand ␤5 is positioned at the dimer interface. Each protomer of MtbGpgP contains seven ␣-helixes. The arrangement of the structural elements is reminiscent of the classical ␣/␤/␣ sandwich architecture of the canonical cofactor-dependent phosphoglycerate mutase (dPGM) fold (29, 30) . Although the last five amino acids are missing in all the structures of MtbGpgP, the C-terminal tail is unlikely to extend into the active site as observed for PhoE and other dPGMs (29, 31, 32) . A search for structural homologues using the Dali server (33) revealed that the overall structure of MtbGpgP is similar to the PhoE phosphatase ( Table 2) (Protein Data Bank code 1EBB; Z score 24.5). The C ␣ atoms of the two structures could be superimposed with an RMSD of 2.1 Å for 197 matching residues ( Fig. 2B ). Other significant structural matches included phosphoserine phosphatase 1 (34) (PsP1; Protein Data Bank code 4IJ5) and phosphoglycerate mutase (35) (PGM; Protein Data Bank code 3EZN). Although Psp1 shares only 29% sequence identity with MtbGpgP, the overall structure of both of these enzymes is similar (Fig. 2B ). In addition, the mode of dimerization observed in the crystal structures of the two enzymes is also similar. However, unlike MtbGpgP, the exact substrate of this phosphatase is currently not known (14) . In contrast to PsP1, the substrate specificities of PGMs are known. They catalyze the conversion of 3-phosphoglycerate to 2-phosphoglycerate with high specificity (31) . This sets them apart from MtbGpgP, which shows greater dephosphorylation activity against GPG when compared with its PGM activity. Despite the differences in the reactions catalyzed, these two enzymes share a common fold, which is evident from a high Z score of 22.4 and a low RMSD of 2.2 Å for 195 matching C ␣ atoms when the two structures were superimposed ( Fig. 2B) .
In all the structures of MtbGpgP, two protomers present in the asymmetric unit are observed forming a dimer that involves the participation of the terminal ␤5 strand of each protomer (Fig. 2C) . The strands lie adjacent to each other, giving the appearance of a contiguous 10-stranded ␤-sheet traversing the dimer interface. The two protomers interact extensively via homotypic interactions. Most of these interactions involve amino acids from strand ␤5 of each protomer (Fig. 2D) .
Although the interactions are primarily hydrophobic, Arg 110 , Glu 111 , Arg 206 , and Arg 208 located at the dimer interface contribute ionic interactions. Dimerization results in burial of a total of 1,600 Å 2 of solvent-accessible surface area per subunit. MALS analysis of MtbGpgP suggested that the protein exists as a dimer in solution. Thus, MtbGpgP forms a homotypic dimer with the active sites of the monomers located in diagonally opposite clefts (Fig. 2C) . Structural View of the Phosphohistidine Transition State Mimic-Vanadate compounds have been used previously to study catalytic mechanism of phosphatases (29) . Therefore, to gain insights into the mechanism of the MtbGpgP catalyzed reaction, we cocrystallized MtbGpgP with ammonium metavanadate. Vanadate was expected to form a covalent bond with the catalytic histidine mimicking the characteristic phosphohistidine reaction intermediate of histidine phosphatases. As observed for other phosphatases previously (29) , the structure of the binary complex of MtbGpgP with vanadate shows vanadate covalently linked to His 11 (Fig. 3A) . Vanadate is entrenched in a cavity above the central ␤-sheet (Fig. 3B ). Notably, the cavity is shielded by two long loops. Loop 2, connecting ␤1 with ␣1, towers over vanadate, whereas loop 5 connecting ␤3 with ␣4 is located adjacent to loop 2 (Fig. 3B ). Together, these two loops are observed partially covering the active site and demarcating a large boundary of the active site pocket. One molecule of vanadate could be modeled into the electron density. Interestingly, the density merged with that of the aromatic ring of His 11 (Fig. 3A) . The vanadate bond to His 11 mimicked the phosphohistidine reaction intermediate during catalysis. Similar covalent tethering of vanadate by a histidine has been observed before for PhoE (29) . Other residues interacting with the vanadate moiety include Arg 10 , Asn 17 , Gln 23 , Arg 60 , Glu 84 , and His 159 ( Fig. 3C and Table 3 ). Notably, side chains of Gln 23 and Asn 17 move inwards to make contact with vanadate. As a result, the position of loop 2 is different during the transition state than that assumed by the enzyme in absence of substrate. Mutating either of these residues to alanine reduced the enzyme activity dramatically, indicating an important role for this maneuver of loop 2 during catalysis ( Fig. 3D ). Further, mutating Arg 10 , Thr 14 , Arg 60 , or His 159 to alanine almost completely abolished the enzymatic activity, revealing the essentiality of these amino acids in dephosphorylation of the substrate (Fig. 3D) . The structure of vanadate-bound MtbGpgP provides crucial mechanistic insights and helps identify key residues for dephosphorylation of GPG. Structure of Inorganic Phosphate-bound MtbGpgP-Mtb-GpgP shows low activity against pNPP (14) . To gain further insights into the mechanism of catalysis, we cocrystallized pNPP with MtbGpgP. The substrate seems to have been dephosphorylated by MtbGpgP during the course of the crystallization. Electron density for only orthophosphate noncovalently bound to MtbGpgP, depicting the post catalytic state of the enzyme, was observed (Fig. 4A) . The position of the phosphate overlaps with the position of vanadate. However, the aro- matic ring of His 11 has stepped back by 1.5 Å after the dephosphorylation and is now observed forming a hydrogen bond with the oxygen atom of the phosphate (Fig. 4B) . Interestingly, the side chain of Glu 84 retains its previous position of the transition state and is observed forming a hydrogen bond with the oxygen atom of the phosphate group. In fact, with the exception of Asn 17 and Gln 23 Table 4 . Thus, the structure of the binary complex of MtbGpgP with phosphate validates inferences about the location of the active site and the identity of residues involved in catalysis. In addition, it reveals that loop 2 undergoes a pivotal conformational change, possibly to assist product release or to bind substrate.
A Dimer Is the Minimal Functional Unit of MtbGpgP-Previously, MtbGpgP was shown to exist as dimers in solution (14) . Our crystal structures of MtbGpgP provide information about the location and nature of the dimer interface. Based on these structures, amino acids of the dimer interface were selected and mutated to break the dimer interface. Estimation of the activity of the resulting monomeric MtbGpgP was expected to shed light on the essentiality of dimerization of MtbGpgP for dephosphorylation of its substrate. Among the point mutations tested, L209E mutation disrupted dimerization of the enzyme (Fig. 4C ). MALS analysis of the mutant and the wild type enzyme under identical conditions revealed that the L209E mutant of MtbGpgP existed as a monomer in solution (Fig. 4D) . Leu 209 is located in the middle of strand ␤5 that mediates dimerization. However, this residue is located far away from the active site, and hence the L209E mutation is unlikely to have any direct effect on the integrity of the active site. Estimation of the enzymatic activity indicated that the monomeric MtbGpgP had lost its ability to perform dephosphorylation (Fig. 3D) . Taken together, results of our structural and mutagenesis studies clearly show that dimerization of MtbGpgP is essential for its dephosphorylation activity. A dimer constitutes the minimal functional unit of MtbGpgP.
DISCUSSION
Monomerization of MtbGpgP abolished enzymatic activity. This is in stark contrast to the structural homologue closest to MtbGpgP: PhoE that functions as a monomer (29, 30) . Although intriguing, it is not completely surprising for a phosphatase to be catalytically competent only when it is in its dimeric state. For example, the human prostatic acidic phosphatase (EC 3.1.3.2; Protein Data Bank code 1CVI) functions as a dimer. The structures of MtbGpgP described here reveal that the dimer interface is located far away from the bound ligands, and therefore it may not contribute residues directly for catalysis. To find out why monomeric MtbGpgP could not catalyze dephosphorylation, we examined the region around the dimer interface. A close inspection revealed intermolecular ionic interactions between amino acids from ␤5 of one monomer and loop 5 of another monomer. Incidentally, strand ␤5 is part of the dimer interface, whereas loop 5 is a long loop that partially covers the active site. Two intermolecular interactions-the salt bridge between Glu 111 and Arg 206 and stacking of guanidium groups of Arg 110 and Arg 208 against each other-probably play a role in localizing loop 5 such that it permits nonintrusive entry of the substrate into the active site ( Fig. 5A ). In addition, Arg 208 from one monomer might assist in docking the substrate into the active site of another monomer (Fig. 5A ). Although these observations help partially explain the need of dimerization for enzymatic activity, a structural view of MtbGpgP in complex with GPG is likely to further clarify the requirement of dimerization for enzymatic activity.
GpgPs are grouped under halo acid dehalogenase-like hydrolase superfamily because they harbor a conserved characteristic DDDD sequence (36, 37) . However, GpgP from Mtb is an exception to this grouping because it carries the RHG motif, a hallmark of histidine phosphatases (14) . Because PGMs also exhibit RHG motifs, Rv2419c (MtbGpgP) was erroneously annotated as a PGM earlier. Interestingly, Rv2419c does exhibit low PGM activity. However, the phosphatase activity against GPG is much higher comparatively. In this context, MtbGpgP shows some promiscuity (14) . Low dephosphorylation activities of MtbGpgP have been reported against mannosyl-3phosphoglycerate, mannosylglucosyl-3-phosphoglycerate, and pNPP (14) . The specific activities for these substrates are at least 10-fold less than those for GPG. Examination of the active sites of MtbGpgP structures reveals that the pocket can be extended to accommodate larger substrates. Especially displacement of Loop 2 could make room for larger substrates like mannosyl-3-phosphoglycerate and mannosylglucosyl-3-phosphoglycerate to dock into the active site. In contrast to MtbGpgP, PhoE is a highly promiscuous phosphatase (29, 30) . Intriguingly, the apo-and ligandbound crystal structures of PhoE reveal no movement of the loop region equivalent to the Loop 2 of MtbGpgP. Dynamics simulations analysis, however, did suggest the presence of flexible regions around the active site that could explain the substrate promiscuity of PhoE (29, 30) .
Key catalytic residues of MtbGpgP like His 11 and Glu 84 involved in proton transfers during dephosphorylation are strictly conserved in PhoE. Other essential residues of Mtb-GpgP like Arg 10 , Arg 60 , and His 159 are also strictly conserved in PhoE. Analysis of conservation based on alignment of primary sequences of members belonging to PGM family coupled with structural view of PhoE helped identify Gln 22 as a signpost for phosphatase activity (29, 30) . In agreement with the analysis, GpgP has Gln 23 located at a structurally identical position. However, differences are observed in the composition of amino acids around Gln 23 (Fig. 5B ). This is not surprising because Gln 23 is part of loop 2 (Arg 10 -Ser 31 ), which plays a role in recognition of substrates, and both of these enzymes have different substrate specificities. In particular, Asp 15 , Gly 19 , and Ser 20 of GpgP are replaced by lysine, glutamate, and arginine in PhoE, respectively, imparting different substrate specificities. Con-Surf analysis of MtbGpgP (38) for structural conservation revealed that the region encompassing the active site is highly conserved, highlighting an evolutionarily conserved mechanism of catalysis (Fig. 5B) . In contrast, the region in vicinity of the active site shows less conservation, indicating a role for this region in imparting substrate specificity. The crystal structures of MtbGpgP described here unveil subtle structural maneuvers of the enzyme during catalysis. In particular, the movement of loop 2 is conspicuous in all the three structures. In its apo-enzyme form, the loop is partially covering the active site, conceivably to occlude nonsubstrate ligands. Once there is recognition, possibly by side chains of Asn 17 and Gln 23 , the loop permits entry of the substrate into the active site. Amino acids like Arg 10 , Met 22 , Glu 84 , Trp 90 , His 95 , Trp 109 , Arg 123 , and Asn 186 lining the active site probably assist in orienting and positioning the substrate optimally for catalysis. During catalysis, loop 2 covers the active site. This is clearly observed in the structure of the enzyme covalently bound with vanadate mimicking the transition state intermediate. Here, part of the loop assumes a one-turn helical conformation, resulting in the side chain of Asn 17 moving inwards by 8.0 Å and rotating by 110°to make contact with the ligand. Once the catalysis is over, loop 2 moves away from the active site, permitting product release. This movement of loop 2 can be visualized by comparing the structures of vanadate-bound and PO 4bound MtbGpgP, depicting the transition state and product release states of the enzyme during catalysis, respectively. The side chain of Asn 17 has moved more than 13.5 Å away and rotated by 180°from its position observed in the vanadatebound structure (Fig. 4B ). Thus, pivotal maneuvers of loop 2, as depicted in a model shown in Fig. 5C , probably assist in achieving substrate specificity and catalysis.
The structures of MtbGpgP reported here are the first for a GpgP belonging to the histidine phosphatase family. Because the RHG motif is highly conserved, the overall mechanism of catalysis of MtbGpgP is likely to be similar to other histidine phosphatases (31, 39 -41) . As proposed earlier for the structural homologue of MtbGpgP, PhoE (29), catalysis proceeds in two steps. In the first step, the phosphate group is transferred from glucosyl-3-phosphoglycerate to His 11 of MtbGpgP. The NE1 nitrogen atom of His 11 mounts a nucleophilic attack on the phosphorous atom of the phosphate moiety. A proton is shuttled from the carboxyl oxygen of Glu 84 to the leaving group (Fig.  5D ). This results in transfer of the phosphate group to His 11 of MtbGpgP and release of the glucosylglycerate from the enzyme. Vanadate covalently linked to His 11 in the MtbGpgP-VO 3 structure mimics this phosphohistidine reaction intermediate. The excess charge on the phosphohistidine is probably stabilized by interactions with side chains of Arg 10 , Asn 17 , Gln 23 , Arg 60 , and His 159 and the backbone amide nitrogen of Gly 160 . In the second half of the reaction, a water molecule activated by Glu 84 mounts a nucleophilic attack on the phosphorous atom of the phosphohistidine (Fig. 5D ). Here, the proton is returned back to Glu 84 , which can now serve as a proton donor again in the next cycle of catalysis. Numerous solvent molecules are observed around the vanadate and phosphate moieties in the structures of MtbGpgP, supporting such a role for water in catalysis. The nucleophilic attack by water results in release of orthophosphate and completion of the reaction (Fig. 5D ). The GG thus formed is the substrate for di-glucosyl glycerate synthase that catalyzes the third step of the pathway leading to the biosynthesis of MGLPs.
The importance of MGLPs in the physiology of Mtb is highlighted by the fact that transposon-mediated mutagenesis has identified at least six essential genes: Rv3030, Rv3032, Rv1208, Rv0127, Rv1326c, and Rv1327c, that are likely to participate in the biosynthesis of MGLPs (42) (43) (44) (45) (46) (47) . GpgP (Rv2419c) catalyzes the second step of the pathway leading to the biosynthesis of MGLPs. Therefore, inhibitors targeting this enzyme could potentially aid in the elimination of the pathogen. In this context, the structures of MtbGpgP reported here could be invaluable for designing inhibitors of the enzyme with high specificity and potency.
